Introduction
In order to survive, living organisms have developed multiple mechanisms to deal with tough environmental conditions. Many biological subdisciplines have identified and reported evolutionarily conserved processes in which a low dose of a stressful stimulus activates an adaptive response that increases the resistance of the cell or organism to a severe level of stress. This concept is not new, as Nietzsche said: "What doesn't kill you makes you stronger", however, due to a lack of frequent interaction among scientists from different areas, a broad range of terms that describe such "adaptive response" or "preconditioning" have emerged. Several years ago fifty recognized scientist from different fields, published a set of recommendations in order to unify the concepts and terminology for this response in cells and organisms after the disruption in their homeostasis and called it "hormesis" (Calabrese et al. 2010) .
Hormesis can be defined as: "a process in which exposure to a low dose of a chemical agent or environmental factor that is damaging at higher doses induces an adaptive beneficial effect on the cell or organism" (Calabrese and Baldwin 2003; Calabrese 2008; Calabrese et al. 2010; Mattson 2008; Rattan 2006; Hoffmann 2009) There have been many hormetic agents identified so far (Calabrese and Baldwin 2003; Le Bourg and Rattan 2009 ), however here we will only focus on the hormetic effect induced by oxidant compounds and inflammation. We will discuss three hormetic scenarios that we have been studying in the past few years.
The first one is the classical oxidative conditioning hormesis (OCH) effect, where cells are subjected to an oxidant, such as hydrogen peroxide (H 2 O 2 ), at a low dose to induce an hormetic response encompassing diverse antioxidant pathways that allow the cells to survive when they are reexposed to the same oxidant. We will suggest the idea of "parallel response pathways" that are necessary in order to regulate simultaneously antioxidant and survival hormetic response against oxidative stress.
The second case is related to the nuclear factor erythroidderived 2-like 2 (Nrf2) inductors. Nrf2 is an ubiquitous cytosolic transcription factor that is continuously degraded during cellular homeostasis; however, in response to modifications in cellular redox state, Nrf2 is released from its repressor Kelch-like ECH-associated protein 1(Keap-1), phosphorylated and translocated into the nucleus where it binds to the antioxidant response element (ARE) and induces antioxidant and phase II detoxifying enzymes expression (Itoh et al. 2004; ) and increases GSH content (Ishii and Mann 2014) . Recently there has been an increasing interest in the use of molecules that can activate Nrf2 pathway. However, since most of them are oxidant molecules, their mechanism can be explained as an OCH: an oxidant low dose that induces an adaptive response, which protects the cells or organism against a higher oxidative insult. The mechanism involved in activating Nrf2 has mostly been related to modifications in redox state, however here we challenge that point of view in the light of the hormetic effects.
The third and last example that we will discuss is even more complicated because it involves the in vivo hormetic response to chronic inflammation and oxidative stress. This is discussed in relation to the "obesity paradox". Obesity is a low-grade inflammation condition, which has also been related to low-grade oxidative stress. When it comes to animals or human context, there are many more variables to consider in order to understand the hormetic response, but some new results have shown an hormetic or at least and attenuation effect against metabolic and oxidative damaging outcomes during life span.
Parallel mechanisms during hormetic oxidative response
Traditionally hormetic response is induced by a homeostasis imbalance bring about by many different stressors such as chemicals, radiation, temperature changes and even exercise (Scannapieco et al. 2007; Choi et al. 2012; Bayod et al. 2012; Alarcón-Aguilar et al. 2014) .
Hormetic stress response is characterized by activation of cellular defenses, in particular increasing antioxidant systems and proteins related to cellular survival. During OCH response changes in ROS/RNS levels and other metabolites, directly and indirectly, modify redox state (Ristow and Schmeisser 2011; Hoffmann et al. 2013; Speciale et al. 2011 ) activating the antioxidant response. Therefore, the mechanisms that have been described include different signaling pathways, among which are those where the transcription factors are sensitive to change due to redox state such as Nrf2, NFκB, AP-1, and HSF1. These transcription factors are known to simultaneously activate different cellular response to stress by triggering parallel response mechanisms, since most of them can regulate the expression of antioxidant enzymes and survival proteins (Mukherjee et al. 2013; Hsu et al. 2012; Jacobs and Marnett 2007; Zanotto-Filho et al. 2009 ).
In the last years many treatments to induce the hormetic response in order to counteract oxidative damage have been described (Hine and Mitchell 2012; Kubicova et al. 2013; Hashmi et al. 2014 ), however few of them have described in detail the molecular mechanisms during OCH.
Our group and others (Luna-López et al. 2010; Khoramian et al. 2011 ) have tried to explain this response more widely and not just since the perspective from the increment in the antioxidant response. Nevertheless while attempting to point out the complexity of potential hormetic mechanisms, we might fall into an oversimplification, as each of these responses are clearly multifaceted, and probably not the only two responses activated upon oxidative stress. Hence, just to increase the understanding about the parallel response that might be turning on during OCH and survival response, here we describe two examples: a. Alginate oligosaccharide.
Alginate oligosachharide (AOS) is a non-toxic, nonimmunogenic and biodegradable polymer that has antioxidant and anti-inflammatory properties, and decreases advanced glycation end products (AGEs) formation. Strictly, AOS could not be considered an hormetic inductor since it is not a toxic chemical agent which at low doses might induce the hormetic response. However, the cellular responses it promotes might be helpful to understand the parallel mechanisms idea. Treating PC12 cell line with AOS protected it against apoptosis cell death induced with H 2 O 2 by increasing antioxidant response. Nrf2 levels were augmented thus incrementing antioxidants enzymes as catalase (CAT) and superoxide dismutase (SOD), as well as GSH. Simultaneously, proteins related to cellular survival such as Bcl-2 and heat shock proteins HSP70 and HSP90 were also increased, and p53 phosphorylation, a mechanism related to apoptosis induction, was inhibited (Khoramian et al. 2011 50 μM for 9 h), which has allowed us to establish different adaptive mechanisms in response to oxidative stress. OCH treatment simultaneously induces the activation of transcription factors that are sensible to redox state modifications like Nrf2 and NFκB. The first one is related to antioxidant response and phase II detoxification and the second one to increase proteins related to cellular survival, like Bcl-2, as a complementary part of cellular response to oxidative stress. Using the OCH model we also demonstrated the Bcl-2 participation is required to sustain Nrf2 activation during hormesis response linking this way both pathways. The previous suggest a parallel mechanism needed to activate a successful cellular response (LunaLópez et al. 2010) .
All the previous raise the question about the possible existence of some master regulators during cellular stress response, which might oppose the idea of different and independent response pathways. An interesting set of candidates for this role could be PKC isoforms. There are some partial evidences that point toward that approach. We have shown that during hormetic response PKC-α plays a preponderant role in NFκB activation to induce Bcl-2 expression as part of the survival response (Luna-López et al., 2013) . It has been also reported (Niture et al. 2009 ) that PKC-δ is able to phosphorylate Nrf2 in Ser 40 once Cys 151 in Keap1 is oxidized, and therefore regulates this transcription factor as part of the antioxidant and survival responses. Still, if we consent with the idea of master regulators existence, then a new question may rise, is this master regulator also redoxsensitive?
Must PKC isoforms, but mainly PKC-α and PKC-δ, have a singular structural characteristic, which makes them susceptible to oxidative modifications (Jin et al. 2011; Lee et al. 2012; Gopalakrishna et al. 2013) . PKC N-terminal presents regulatory domains that are bind to zinc and cysteine-rich motives, which are quickly oxidized by hydrogen peroxide. When these motives are oxidized, the auto-inhibitory function in the regulatory domain is compromised and consequently PKC activity is stimulated (Gopalakrishna and Jaken 2000; Mishra and Vinayak 2014) .
Finally, it is also important to consider that most of the transcription factors that participate in this kind of processes (like Nrf2 and NFκB) are capable of regulating both responses simultaneously: antioxidant and survival (Niture and Jaiswal 2012; Luna López at al., 2013; Ravuri et al. 2013) , suggesting that it might be fundamental to induce both of them concurrently in order to counteract changes in redox state. However, the dilemma if there are a few master regulators or there is a broad and independent spectrum of responses is still debatable.
Nrf2: multiple inductors and effects
Now it has become fashionable to induce Nrf2 pathway in order to activate phase II and antioxidant response. There are more than 4,000 papers in PubMed describing the beneficial effects of numerous recognized Nrf2 inductors such as curcumin (Grynkiewicz and Ślifirski 2012; Correa et al. 2013 ; García-Niño and Pedraza-Chaverrí 2014), tBHQ (Alarcón-Aguilar et al. 2014), sulforaphane (SantanaMartínez et al. 2014; Kleszczyński et al. 2013) , ginseng (Park et al. 2010) , resveratrol (Singh et al. 2014) , etc. Moreover, every year more and more new Nrf2 inductors are discovered like luteolin (Xu et al. 2014) , oxaliplatin (Wang et al. 2014b) , aldosterone (Queisser, et al. 2014), etc. There are studies related to their beneficial and protective effects in all kind of models since renal failure (Trujillo et al. 2013) , cardioprotection after reperfusion injury (BuelnaChontal et al. 2014) , atmospheric pollutant-induced toxicity (Rubio et al. 2010) , impaired mitochondrial function (Pulliam et al. 2014 ) and even epilepsy therapies (Wang et al. 2014a, b) .
The problem with all these studies is that because Nrf2 inductors are electrophiles and pro-oxidant molecules, their protective effects depend on a particular dose to activate Nrf2, without severely harming the cell or organism. Therefore to predict Nrf2 beneficial or harmful effects is a challenging task, since it involves other features besides determining the accurate dose, especially being that Nrf2 activators have different induction mechanisms. Moreover, beyond Nrf2 activation, it might also be important to take into consideration what else is going on during Nrf2 activation, and how it might affect cellular response.
For example tert-butylhydroquinone (tBHQ) auto-oxidizes to tertbutylbenzoquinone (TBQ) entering a redox cycle reaction leading to the production of superoxide and hydrogen peroxide (Erlank et al. 2011) , which modify redox state and activate Nrf2 (Taguchi et al. 2007; Imhoff and Hansen 2010) in the classical mechanism described for other Nrf2 traditional inductors such as curcumin and sulforaphane (Demirovic and Rattan 2011) . Conversely, some authors have suggested that TBQ covalently binds to Keap1 through Cys23, Cys151, Cys226, and Cys368, activating Nrf2 directly through electrophilic Keap1 modification, rather than ROS formation (Abiko et al. 2011) . Furthermore, there are additional Nrf2 activation mechanisms that can also occur through an autophagy impairment (Komatsu et al. 2010) , for example as a result of rapamycin treatment, which inhibits mTOR activity leading to increased p62/SQSTM 1turnover, allowing Keap1 displacement from Nrf2 (Lerner et al. 2013) .
Therefore, to determine the inductor hormetic dose to be used in animals and humans is a difficult matter, because even if the exact dose and mechanism were known, some other issues like individual genetic background and health status might modify the outcome. This would be an interesting thing to further review. In the case of Nrf2 inductors that modifying redox state, their protective-harmful effect might differ in function of age, health, nutritional state, habits, etc. Especially in the elderly, since old animals and cells are known to have decreased antioxidant systems and higher ROS production (Mendoza-Núñez et al. 2009; Calabrese et al. 2010; Vida et al. 2014 ) therefore, tBHQ optimal concentrations to induce Nrf2 might be different. The same applies for autophagy, which is known to be impaired with aging (Morimoto and Cuervo 2014) Recent data from our lab (Alarcón-Aguilar et al. 2014) showed that when a tBHQ dose-response curve was performed in rat primary astrocytes the survival rate changed depending on the age of the donor animal. Astrocytes isolated from newborn animals (3-5 days), adult animals (9 month) and old animals (24 month) entirely survived to 10 and 25 mM tBHQ 24 h treatments, while approximately 50 % of the astrocytes derived from old and adult rats died after the 50-mM treatment, whereas at 100 mM more than 90 % of the cells from all age groups died. These results might not be suppressive in any way, since adults and old animals are more susceptible to oxidative stress, so tBHQ dose could have been very high for them. The interesting finding was observed when astrocytes were pre-treated with 25 mM tBHQ in order to activate Nrf2 survival pathway and generate an oxidative conditioning hormesis (OCH) response and obtain protection against a higher oxidative insult with the neurotoxic molecule MPP + (1-methyl-4-phenylpyridinium). Astrocytes derived from adult and old animals were able to activate Nrf2 (measured as Nrf2 translocation, Nrf2-ARE sequence binding and antioxidant enzymes increase) and showed 45 and 60 % protection against MPP + cell death respectively (p<0.05) (quantified as cellular viability). Interestingly, astrocytes isolated from newborn rats pretreated with 25 mM tBHQ did not show a protective effect, and just when they were pretreated with a higher dose of 50 mM tBHQ, a 30 % protection was observed.
Against expected, these results showed that astrocytes from newborn animals required higher doses compared to the astrocytes from old animals in order to induce an hormetic protective response via Nrf2. This suggests that the beneficialharmful effect cannot be predicted only based in high-low dose; however, in this case, age was a determinant matter.
Another important issue to discuss is Nrf2 beneficialharmful effect during cancer development and expansion. On one hand, Nrf2 inductors have been used in clinical trials for cancer prevention and treatment; but, on the other hand, it has been reported that constitutive Nrf2 activation contributes to neoplasic cell survival and resistance to anticancer therapy (Namani et al. 2014 ). Even more, early studies from Yamamoto's group showed that Keap1-null mutation leads to postnatal lethality due to constitutive Nrf2 activation (Wakabayashi et al. 2003) .
Nrf2 cellular regulation is now known to be beyond Keap1 control, and the impact of nuclear receptors such as RARα, RXRα, PPARγ, ERα, ERRβ, and GR to functionally inhibit Nrf2 was recently reported (Namani et al. 2014) .
Increased Nrf2 can help maintain an aggressive tumor phenotype by stimulating proliferation and offering protection from chemotherapy (Hayden et al. 2014; Mendelsohn and Larrick 2014) . It has been reported recently that Nrf2 stimulates expression of transcription Kruppel-like factor 9 (Klf9). Klf9 suppress the expression of several important antioxidant enzymes such as thioredoxin reductase 2, resulting in further Klf9-dependent increases in ROS and subsequent cell death (Zucker et al. 2014) .
Finally, the classical hormetic theory states that low-dose stimulation represents an adaptive biological response and high-dose stimulation results in disruption of homeostasis and deleterious and harmful effect (Satoh et al. 2013) . As it has been also postulated that (Hoffmann 2009 ) the hormesis model runs counter to the assumption that effects at low doses can be predicted from those at high doses in a reasonably straightforward way. Nevertheless, when it comes to Nrf2 inductors and effects, the dose problem remains unsolved. Moreover, there are more features such as age (Alarcón el at. 2014), gender (Rohrer et al. 2014) , and nutritional state that are just now starting to be pondered (Meakin et al. 2014) , and should be seriously taken into consideration because they might modify the hormetic response.
The obesity paradox and the aging process Classical hormesis states that low levels of environmental stress and toxins induce an hormetic response that has, in general, been conserved through natural selection and allows organisms to adapt or be protected against harder stress conditions. However resistance to stress or hormetic preconditioning during pathological situations with chronic, low-grade inflammation and oxidative stress like obesity, have rarely studied, and it is not known if the organism is able to respond in a compensatory way that allows it to survive throughout aging despite its deterioration.
Even if the duration, severity and kind of stressor are supposed to determine if it has beneficial or harmful effects, there are still uncertainties to determine if a stressor will be hormetic or toxic. Wiese and coworkers (Wiese et al. 1995) utilized doses that caused toxicity instead of using doses in the hormetic zone, and observed adaptive responses that, in spite of the damage, were advantageous when a higher toxic challenge was used. Moreover, there are stress factors during normal metabolism and life that generate ROS/RNS that can lead to increased longevity (Epel and Lithgow 2014) or on the contrary, to bring about associated diseases (Shaw et al. 2014) . Therefore it has been stated that the differences among individuals may account for those diverse responses; facing the same effector some individuals may develop pathologies and other generate adaptive responses (Mattson 2008) . This is also true for the same organism over time; it has been suggested that adaptation capacity declines during aging and the vigor loss to deal with stress accelerates the aging process exposing the organism to degenerative diseases. However, not all the tissues and organs might deteriorate at the same rate, and those stressors, allowing the organism to survive, might strengthen some of them.
Inflammation is a protective response against noxious stimuli that mostly involves a loss of function in the place where it is produced. This equilibrium between costs and benefits during the inflammatory response has been evolutionary optimized in the face of the different environmental conditions. Chronic inflammation is classically described as a response against infection or injury; nevertheless it has been recently related to ailments like obesity (Hotamisligil and Erbay 2008) . When the diseases are caused by a wrong regulated inflammatory response, such as inflammatory tissue damage or sepsis, inflammation becomes prejudicial and even more damaging when this response exacerbates in magnitude and duration. Hence it is important to study and understand the different and particular processes that occur in the individuals that contribute to the development of inflammatory pathologies (Okin and Medzhitov 2012) .
During obesity the excessive fat accumulation induces a low-grade chronic inflammation, which has been associated to the induction of several diseases such as diabetes, dyslipidemias, atherosclerosis, cancer, etc. Obese organisms show high systemic oxidative stress (Matsuda and Shimomura 2013) and altered cellular functions for example reticulum endoplasmic stress, mitochondrial dysfunction, insulin resistance and excessive storage of ectopic fat. Chronic inflammation during obesity also correlates with C-reactive protein, IL-6, IL-8 and TNF-α increase in serum (Shoelson et al. 2006; Kahn et al. 2006) . But despite the changes described, it has been found that not all obese individuals exhibit increased risk of significant inflammation or metabolic disorders and on the contrary, there is a protective effect given by obesity against chronic diseases. Thirty percent of obese patients are metabolically healthy, with equal insulin sensibility to slim individuals, low liver fat and no carotid artery thickness. Recent studies have even suggested that there is a protection against steatosis development, visceral adipose tissue inflammation and less mortality in obese patients. Altogether these findings are proposed to contribute to "healthy obesity" in what has been called the "obesity paradox" (Bluher 2012) (Fig. 1) .
Albeit some physiological and endocrine mechanisms in adipose tissue have been proposed to be defensive, like leptin and adiponectin as cardio-protectors (Flegal and KalantarZadeh 2013) , the actual causes for this paradox are still unknown.
It is possible that the stress resistance to the obesity metabolic effects might be mediated by the cellular effective adaptation to stress, which counteracts the mechanisms that lead to insulin signaling alteration and β cells dysfunction. One important feature to mention is that most of the studies supporting the obesity paradox were performed in elderly patients cohorts (Beddhu 2004; Lainscak et al. 2012; Landbo et al. 1999; Uretsky et al. 2007) . It seems the obesity may play a more important role in the elevated mortality risk in young people than in the elderly (Lee et al. 2010) .
Aging is still one of the uncomprehended biological phenomena mainly because its inherent and complex multifunctional etiology and by the difficulty to dissociate normal aging effects from the aging that manifests as a consequence of ageassociated disease (Kregel and Zhang 2007) . Nevertheless, many authors have defined aging as a progressive decline in tissue homeostasis maintenance associated to a propensity to degenerative disease and death (Hayflick 1998) . Numerous studies have shown that oxidative stress and mitochondrial dysfunction are two important elements that contribute to the aging process (Barbieri et al. 2009; Cui et al. 2011) .
Mild oxidative stress has been proposed as a positive hormetic event; minor protein and lipid oxidative damage may have prophylactic effects over certain diseases associated to aging, that otherwise could cause cellular death and tissue damage (Yan 2014) . Aging has also been associated with a pro-inflammatory phenotype in mammals due to the incremented expression of genes related to immune and inflammatory response like NFκB, as well as high-serum cytokine levels such IL-6 and TNF-α. This low-grade pro-inflammatory state during aging has been named "Inflammaging" and it has been proposed that macrophages participation, cellular stress and genetic factors of such condition contribute to predispose the organism to develop age-related diseases (de Magalhaes et al. 2009 ).
Appling the hormesis theory to the aging research, Rattan and coworkers in various sets of experiments performed within human fibroblasts in vitro, showed that repetitive exposure to mild heat as stressor has hormetic effects against several biochemical and aging parameters such as lower protein oxidation increased proteasome activity and antioxidant enzymes, resistance against ethanol, H 2 O 2 and UV-B radiation, etc. (Rattan 2006) .
Little has been studied about the obesity-aging process and many studies are missing in order to determine if oxidative or hormetic stress, or mild inflammation can influence the organism to have a better adaptation during lifespan and survive.
In our lab we have used a model where obesity is generated by neonatal neurointoxication with monosodium glutamate (MSG) to study if chronic low-grade inflammation generated by obesity might induce an hormetic effect on life and health span, in mice from 4 to 20 months. Our results showed that during the first 16 months, MSG-mice presented metabolic alterations like higher weight gain, higher Lee index, glucose intolerance, insulin resistance and other biochemical parameters like higher cholesterol and triglycerides levels and IL-6, TNF-α, but lower adiponectin (Hernández-Bautista et al. 2014) . At tissue level, heart, lung, liver and kidney showed progressive lipoperoxidation and protein carbonylation (manuscript in preparation), however all metabolic and oxidative damages did not show significant differences when compared with control mice after 16 months, and MSG-mice even showed higher adiponectin levels with age. Recently, Song and coworkers reported that adiponectin plasma levels negatively correlated with fat percentage in male patients over 65 years old, but not in female elderly patients (Song et al. 2014) ; thus, they suggested the existence of certain gender-regulated mechanisms that might be affecting the relationship among changes in adiponectin levels, age and fat body composition. These observations agree with our results, where a relation between weight loss and increased adiponectin was observed from 16-months on, in both, control and MSG-obese female mice, but not in males (Hernández-Bautista et al. 2014 ). These results show that low adiponectin levels might be associated with chronic inflammation and insulin resistance.
On the other hand, some research has been done studying human elderly populations with paradoxical results. For example, it has been shown that centenaries have high adiponectin plasma levels which has been associated with longevity; however in other studies, the high adiponectin levels is a marker in patients with cardiovascular disease and is correlated with increased mortality. One explanation that has been suggested to explain these discrepancies is the possible deregulation of adiponectin due to inflammation, but the real explanation for these inconsistencies is still unknown (Yadav et al. 2013 Fig. 1 Hormetic mechanism during the "obesity paradox". All the organisms are exposed to a great collection of stressors during their lifespan, which might promote oxidative stress, cellular damage and inflammation. However, young organisms use inflammation as a beneficial signal to deal against different kind of stressors and stimulate tissue repair (turquoise). During the adulthood of an obese individual (green), inflammation signals produced by enlarged adipocytes might not only impair normal tissue repair, but might broaden oxidative stresses and cellular injury, leading to metabolic disorders and disease. The obesity paradox theory proposes that life time exposure to low-grade inflammation produced by adipocytes might induce an hormetic mechanism which could be able to have a better glucose metabolism, damage responses etc., which would protect the organism against chronic diseases during old age (lilac) All the previous based the obesity-paradox proposing that suggesting that obesity effects might be attenuated during aging, pointing toward a possible hormetic mechanism mediated by mild inflammation, which might allow the organism to adapt to an adverse and deteriorated state.
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Conclusions and perspectives
From our point of view the hormesis theory has to overcome several conceptual and practical challenges in order to be applied as a therapeutic tool to improve both, health and life span. It might be important to understand the different pathways that can be activated by the same stressor or inductor, and the diverse outcomes that this could lead. Mild oxidative stress in association to low-grade chronic inflammation is a stimulating avenue to be explored and surprising results might be achieved in tissues and organisms.
The reasons why centenarians and super-centenarians are able to reach the extreme limits of human life span are still unknown, but probably are related to the why they deal with homeostasis maintenance and here is where hormesis might have a significant interference.
